The cerebral cortex constructs a coherent representation of the world by integrating distinct features of the sensory environment. Although these features are processed vertically across cortical layers, horizontal projections interconnecting neighbouring cortical domains allow these features to be processed in a context-dependent manner. Despite the wealth of physiological and psychophysical studies addressing the function of horizontal projections, how they coordinate activity among cortical domains remains poorly understood. We addressed this question by selectively activating horizontal projection neurons in mouse somatosensory cortex, and determined how the resulting spatial pattern of excitation and inhibition affects cortical activity. We found that horizontal projections suppress superficial layers while simultaneously activating deeper cortical output layers. This layer-specific modulation does not result from a spatial separation of excitation and inhibition, but from a layer-specific ratio between these two opposing conductances. Through this mechanism, cortical domains exploit horizontal projections to compete for cortical space.
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The cerebral cortex constructs a coherent representation of the world by integrating distinct features of the sensory environment. Although these features are processed vertically across cortical layers, horizontal projections interconnecting neighbouring cortical domains allow these features to be processed in a context-dependent manner. Despite the wealth of physiological and psychophysical studies addressing the function of horizontal projections, how they coordinate activity among cortical domains remains poorly understood. We addressed this question by selectively activating horizontal projection neurons in mouse somatosensory cortex, and determined how the resulting spatial pattern of excitation and inhibition affects cortical activity. We found that horizontal projections suppress superficial layers while simultaneously activating deeper cortical output layers. This layer-specific modulation does not result from a spatial separation of excitation and inhibition, but from a layer-specific ratio between these two opposing conductances. Through this mechanism, cortical domains exploit horizontal projections to compete for cortical space.
The axons of pyramidal cells in layer 2/3 project vertically, across layers, and expand horizontally, within layers, to contact neighbouring cortical domains (for example, orientation domains in visual cortex or whisker representation domains in somatosensory cortex) [1] [2] [3] [4] [5] [6] [7] . Layer 2/3 pyramidal cells are thus poised to coordinate the activity of neighbouring domains with respect to their own 8 . The relationship between the spatial extents of excitation and inhibition generated by layer 2/3 pyramidal cells is likely to be instrumental in how these neurons regulate activity across and within layers. On one hand, the spatial extent of excitation generated by layer 2/3 pyramidal cells across and within layers can be inferred from anatomical and physiological data [1] [2] [3] [4] 9, 10 . On the other hand, the spatial extent of inhibition generated by layer 2/3 pyramidal cells through the recruitment of cortical inhibitory interneurons is harder to predict owing to the complexity and diversity of inhibitory axonal projections which can span multiple layers and extend horizontally over large cortical regions [10] [11] [12] [13] [14] [15] . Understanding how layer 2/3 pyramidal cells have an impact on the activity of neighbouring domains with respect to their own would reveal one of the key mechanisms coordinating cortical activity in space. To address this question we sought a stimulus that would selectively activate layer 2/3 in a manner that mimics physiological activity. Because of the pronounced gamma modulation that layer 2/3 neurons experience spontaneously 16 or in response to sensory stimulation [17] [18] [19] , we developed a protocol to induce gamma oscillations specifically in layer 2/3. This enabled us to avoid non-selectively driving activity in all layers of cortex by a sensory stimulus and therefore to study specifically the impact of layer 2/3 output in coordinating activity across and within cortical layers.
Photoinduced gamma oscillations
We expressed channelrhodopsin 2 (ChR2) [20] [21] [22] in layer 2/3 pyramidal cells of the neocortex by in utero electroporation 23 . Cortical expression of ChR2 was restricted to layer 2/3 excitatory neurons where 23 6 2% (n 5 6 slices) of pyramidal cells expressed the protein, consistent with previous observations 24, 25 ( Fig. 1a and Supplementary Fig. 1a , b). Electroporated mice were anaesthetized and a small craniotomy was 1 Howard Hughes Medical Institute, Center for Neural Circuits and Behavior, Neurobiology Section and Department of Neurosciences, University of California San Diego, La Jolla, California 92093-0634, USA. performed to expose the ChR2-expressing somatosensory cortex. We stimulated the exposed region with a long (2 s) ramp of blue light, that is, a photostimulus of gradually increasing intensity (see Methods); we used a ramp rather than a square pulse to avoid the fast desensitizing transient of the photocurrent 20 ( Supplementary Fig. 1c ) and monitored population activity with an extracellular electrode inserted in layer 2/3. Notably, rather than triggering a flurry of uncoordinated neuronal activity, photostimulation generated rhythmic oscillation of the local field potential (LFP) at gamma frequency (average 42 6 2 Hz, n 5 16; Fig. 1b, c) that was accompanied by the activity of simultaneously recorded units, spiking in phase with the LFP (Fig. 1b) . The power of the photoinduced oscillation was 2,000-fold (61,200, n 5 16, P 5 0.02) larger than the power at the same frequency in the unstimulated cortex (Fig. 1c) . The oscillation persisted as long as the photostimulus was on and could be reliably and repeatedly evoked. Furthermore, the oscillation frequency increased only a little (,25%) with the intensity of the photostimulus (Supplementary Fig. 2 ). Importantly, neither the rhythmic activity per se nor the specific frequency of the oscillation was imposed by the photostimulus 26 , because apart from its onset, offset and progressive increment in intensity, the photostimulus was devoid of any temporal structure. Thus, stimulation of pyramidal cells in layer 2/3 of the neocortex in vivo initiates self-organized oscillations within the gamma frequency range.
Consistent with naturally occurring gamma oscillations, photostimulation initiated rhythmic activity of both inhibitory and excitatory postsynaptic currents (IPSCs and EPSCs, respectively) 16, 27, 28 in layer 2/3 neurons recorded in vivo in the whole-cell configuration (average amplitude of individual cycles: EPSCs, 169 6 76 pA; IPSCs, 777 6 228 pA; n 5 4, Fig. 1d ). To avoid contamination of synaptic conductances by direct ChR2-mediated photocurrents, we only considered whole-cell recordings from neurons not expressing ChR2 ( Supplementary Fig. 3 ).
Photoinitiated gamma activity could also be induced in cortical slices in vitro (Fig. 1e) . Photostimulation induced robust oscillations of the EPSCs and IPSCs recorded simultaneously from pairs of layer 2/3 pyramidal cells (33 6 1 Hz, n 5 6; Fig. 1e ). The rhythmic activity relied on both glutamatergic and GABAergic transmission, as it was abolished by application of either the glutamate receptor antagonists NBQX (2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulphonamide) and CPP (3-((R)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid) (5 and 10 mM, n 5 8), or the GABA A (c-aminobutyric acid subtype A) receptor antagonist gabazine (400 nM, n 5 11; a subsaturating concentration was chosen to avoid epileptiform activity; Supplementary Fig. 4 ). Similar oscillations could also be induced in other neocortical regions expressing ChR2 in layer 2/3 pyramidal cells such as visual cortex (28 6 1 Hz; n 5 12) or cingulate cortex (26 6 1 Hz; n 5 10). These data show that expression of ChR2 in layer 2/3 neocortical pyramidal cells permits reliable initiation of self-organizing rhythmic activity within the gamma frequency band both in vivo and in vitro. With this technique we can now determine the spatial extent of excitation and inhibition generated by activity of layer 2/3 pyramidal cells vertically, across layers, and horizontally, within layers, and establish the resulting impact on the activity of neighbouring cortical domains.
Vertical match of excitation and inhibition Activity in layer 2/3 could generate three distinct vertical patterns of inhibition relative to excitation: inhibition could be (1) more broadly distributed across layers than excitation; (2) complementary to excitation such that layers that receive less excitation receive more inhibition; or (3) restricted to the same layers receiving excitation. We performed in vitro recordings from principal neurons in several cortical layers of the somatosensory cortex simultaneously while initiating oscillatory activity in layer 2/3 with light stimulation. Figure 2a illustrates a simultaneous voltage-clamp recording from four principal neurons located in each of layers 2/3, 4, 5 and 6. Voltage clamping the neurons at the IPSC reversal potential to isolate EPSCs shows that both synaptic excitatory charge and oscillatory power are maximal in layers 2/3 and 5 and minimal in layers 4 and 6 ( Fig. 2b and Methods), consistent with anatomical and physiological observations [1] [2] [3] [4] 9, 10, 29 . Notably, voltage clamping the same neurons at the EPSC reversal potential to isolate IPSCs revealed that inhibition was precisely confined to the same cortical layers receiving excitation (Fig. 2b) . Because layer 5 in the somatosensory cortex consists of two sublayers (5A and 5B), the principal neurons of which have distinct functional properties 30 , we compared the distribution of excitation and inhibition generated by activity in layer 2/3 between the two sublayers ( Supplementary Fig. 5 ). Both sublayers received excitation and inhibition in response to activity in layer 2/3, yet layer 5A received significantly less of both conductances as compared to layer 5B (P , 0.05; Supplementary Fig. 5a -c and Methods). Taken together, these data demonstrate a remarkable overlap in the spatial domains of excitation and inhibition generated during activity in layer 2/3. The two opposed conductances are precisely confined to layer 5, the main cortical output layer, and layer 2/3, the main input to layer 5.
Horizontal match of excitation and inhibition
Next we determined the relative pattern of excitation and inhibition horizontally across domains within individual layers. Again, one could expect three different scenarios: inhibition extends over a larger area as compared to excitation, resulting in surround inhibition 31 ; excitation extends over a larger area as compared to inhibition, resulting in surround excitation 32 ; or excitation and inhibition cover matching areas 33 . For these experiments, we restricted photostimulation to a circular zone of ,90 mm in diameter centred on layer 2/3 above a barrel (see Methods). The spatial extent of neuronal recruitment by this circular photostimulus was approximately one barrel column in diameter (see Methods and Supplementary Fig. 6a ). Light ramps induced oscillations at gamma frequency, indicating that even the photostimulation of a restricted area of layer 2/3 is sufficient to initiate rhythmic activity (Fig. 3) . Notably, this oscillation was generated by pyramidal cells whose somatodendritic compartment was localized within the photostimulated area, because bypassing axons expressing ChR2 do not contribute to oscillatory activity ( Supplementary Fig. 6b ).
We recorded from layer 2/3 or layer 5 pyramidal cells and initiated oscillations in each of four barrel columns located on both sides of the barrel column within which the pyramidal cells were recorded. The oscillation propagated horizontally at an average speed of 240 6 50 mm s 21 (n 5 6; see Methods), consistent with the propagation speed of cortical waves 34 and the conduction velocity in cortical axons 35, 36 . Both synaptic excitatory charge and oscillation power decayed with increasing distance from the site it had originated from (excitatory charge and power decayed to 26 6 4% and 26 6 6% (n 5 18, charge, P 5 0.002; power, P 5 4 3 10 27 ) in layer 2/3 and to 37 6 8% and 30 6 8% in layer 5 when oscillations were initiated two barrel columns away (n 5 12); Fig. 3b, c) . Notably, the decay of synaptic inhibitory charge and oscillatory power was nearly identical with the decay of excitation (inhibitory charge and power decayed to 23 6 5% and 26 6 8% (n 5 18), respectively, in layer 2/3 and to 27 6 7% and 23 6 12% in layer 5 when oscillations were initiated two barrel columns away (n 5 12, charge, P 5 2 3 10 27 ; power, P 5 0.001; Fig. 3b, c) ). Thus, despite their progressive decay with distance from the site the oscillation had originated from (Fig. 3b, c) , the ratio between excitation and inhibition remained constant.
The horizontal decay of synaptic excitation and inhibition was region specific, in that synaptic excitation and inhibition fell much more sharply when oscillations where initiated in the adjacent nonbarrel cortex compared to the parent barrel cortex (excitatory and inhibitory charge decayed to 9 6 1% and 15 6 3% (n 5 11), respectively, when oscillations were initiated 400 mm away in the adjacent cortex, versus 28 6 2% and 31 6 7% (n 5 12) in the parent barrel cortex; P 5 0.0004 for excitation and 0.004 for inhibition; Fig. 3d ).
Furthermore, the coronal plane of the slice did not have an impact on the horizontal extent of synaptic excitation and inhibition as slices cut tangentially to the surface of the somatosensory cortex showed comparable spatial decays (see Methods and Supplementary Fig. 7 ).
Taken together these results show a spatial delimited yet precisely overlapping distribution of excitation and inhibition vertically, across layers, and horizontally, within layers, across cortical domains.
Layer-specific modulation of activity To understand the role of layer 2/3 pyramidal cells in coordinating cortical activity we addressed how the two spatially matched but opposing conductances affect neuronal spiking across and within layers.
We recorded from both layer 2/3 and 5 pyramidal cells in the current-clamp configuration and depolarized the neurons with 1-slong current injections to trigger action potentials (average rate 6.4 6 0.7 Hz, n 5 31, range 2-12 Hz; Fig. 4a ) to allow us to monitor bidirectional changes in firing rates. Photoinduced oscillatory activity invariably and significantly suppressed the spike rate of layer 2/3 pyramidal cells (84 6 5% reduction, n 5 11, P 5 1.5 3 10
25
; Fig. 4a, b) . In striking contrast, the spike rate of layer 5 pyramidal cells was significantly facilitated (170 6 20% increase, n 5 20, P 5 0.037; Fig. 4a , b). Spiking in layer 2/3 pyramidal cells was invariably suppressed up to two barrel columns away from the initiation site of the oscillation (Fig. 4c) . The suppression was most pronounced within the home barrel column (85 6 7% reduction, n 5 8, P 5 0.004) and progressively decreased with increasing horizontal distance (28 6 8% decrease two barrel columns away, n 5 8, P 5 7 3 10
; Fig. 4c ). In contrast, the spike rate of layer 5 pyramidal cells was significantly facilitated up to two barrel columns away from the initiation site of the oscillation, an effect that was again most pronounced within the home barrel column (100 6 19% increase, n 5 6, P 5 10
) and decreased progressively with increasing horizontal distance (10 6 10% increase two columns away, P 5 0.02; Fig. 4c ). Pyramidal cells in both sublayers 5A and 5B were facilitated, and this facilitation occurred over a similar horizontal distance from the initiation site of the oscillation (Supplementary Fig. 5f ). These results show that activity in layer 2/3 generates lateral suppression of spiking in layer 2/3 pyramidal cells and feed-forward facilitation of layer 5 pyramidal cells. The horizontal pattern of suppression in layer 2/3 is mirrored by the horizontal pattern of facilitation in layer 5 (Fig. 4c) . Thus, layer 2/3 pyramidal cells can efficiently drive downstream layer 5 pyramidal cells lying both directly below as well as in neighbouring domains, while simultaneously suppressing the main input to layer 5 by inhibiting neighbouring layer 2/3 pyramidal cells.
The same opposed modulation of layer 2/3 and 5 excitability also occurred in vivo. Layer 2/3 neurons were recorded in the whole-cell configuration to ensure the absence of ChR2 expression and prevent direct photostimulation. Multiunit activity was recorded in layer 5 with extracellular electrodes. Photoinitiated oscillations significantly suppressed spiking of layer 2/3 neurons (73 6 8% decrease, n 5 5, P 5 0.003; Fig. 4d ) but strongly increased spiking in layer 5 (600 6 200% increase, n 5 7, P 5 0.0004; Fig. 4e ). These data indicate that oscillations in layer 2/3 pyramidal cells have an impact on their home and neighbouring domains in a layer-specific manner, generating suppression of layer 2/3 and facilitation of layer 5.
Layer-specific excitation/inhibition ratio What mechanism accounts for the opposite modulation of layer 2/3 and layer 5 pyramidal cells? Simultaneous recordings (Fig. 5a) showed that the average excitatory charge recorded from the soma of pyramidal cells was not significantly different between layer 2/3 and layer 5 pyramidal cells (107 6 11 pC versus 108 6 14 pC, n 5 34 pairs, P 5 0.97; for comparison between layer 5A and 5B pyramidal cells see Supplementary Fig. 5c-e) . In contrast, the inhibitory charge recorded at the soma was significantly smaller in layer 5 pyramidal cells (24 6 10% smaller; 780 6 70 pC versus 570 6 70 pC, n 5 30 pairs, P 5 0.029). More importantly, however, the ratio between somatic excitation and inhibition across simultaneously recorded pairs was substantially larger in layer 5 pyramidal cells (120 6 40% larger; excitation/inhibition ratio L5, 0.26 6 0.04; L23, 0.15 6 0.02, n 5 30 pairs, P 5 0.018; Fig. 5a ), indicating the possibility that differences in somatic excitation/inhibition ratio may, at least in part, account for the facilitation of layer 5 pyramidal cells. Consistent with this possibility, we found that the spiking probability of individual layer 5 pyramidal cells (determined in the cell-attached mode during lightinduced oscillations) increased with larger excitation/inhibition ratios (determined subsequently in the whole-cell configuration; Fig. 5b , one-way analysis of variance (ANOVA), P 5 0.047).
To establish directly whether the layer-specific difference in somatic excitation/inhibition ratio underlies lateral suppression in layer 2/3 versus feed-forward facilitation in layer 5 we replayed synaptic waveforms recorded from layer 2/3 into layer 5 pyramidal cells and vice versa (Fig. 5c) . Specifically, the soma of pyramidal cells was patched with two pipettes, one to inject the excitatory current and the other to dynamically clamp the inhibitory conductance (the chosen waveforms were representative of the average somatic excitation/ inhibition ratio; see Methods). The playback of waveforms recorded in a layer 2/3 pyramidal cell into the soma of layer 5 pyramidal cells completely suppressed their firing (100 6 0% reduction, n 5 6, P 5 0.006; the same was true when the waveform was played back into L2/3 pyramidal cells, 100 6 0% reduction, n 5 6, P 5 10 25 ; Fig. 5c ). In contrast, playback of waveforms recorded in a layer 5 pyramidal cell into the soma of layer 2/3 pyramidal cells strongly facilitated their firing (L2/3, 120 6 20% increase, n 5 6, P 5 0.025; the same occurred when the waveforms were played back into layer 5 pyramidal cells, 120 6 10% increase, n 5 6, P 5 0.015).
Thus, these results demonstrate that layer-specific differences in the excitation/inhibition ratio can account for the lateral suppression of layer 2/3 and feed-forward facilitation of layer 5 pyramidal cells.
Discussion
Physiological and psychophysical studies suggest that horizontal interactions between cortical domains enable information to be processed in a context-dependent manner 3, 8, [37] [38] [39] [40] [41] [42] . By selectively activating neurons that generate horizontal projections we revealed a layer-specific coordination of cortical activity. Horizontal projections originating from layer 2/3 pyramidal cells suppress layer 2/3 while facilitating layer 5. This layer-specific modulation extends over several domains around the activated population of layer 2/3 pyramidal cells, indicating that active layer 2/3 pyramidal cells can drive layer 5 pyramidal cells within their own and neighbouring domains while suppressing neighbouring layer 2/3 pyramidal cells. It should be noted that not only is layer 2/3 the main input to layer 5 but that layer 5 gives rise to the main cortical output. Thus, layer 2/3 horizontal projections can drive the output of neighbouring domains (by activating layer 5) while silencing the inputs to these neighbouring outputs (by suppressing layer 2/3). This coordinated modulation of superficial and deep layers generates competition between neighbouring domains and may allow the representation of one domain to expand dynamically at the cost of its neighbours (Fig. 5d) .
Within the rodent's somatosensory cortex, the density of horizontal axons diminishes with increasing distance (over hundreds of micrometres) between barrel columns 3 . In other systems, in addition to a local decrease in the density of horizontal projections, long-range (millimetres) projections preferentially link cortical domains with similar response characteristics [5] [6] [7] . Future studies will establish whether layer-specific modulation also holds true for long-range interactions.
We show that the layer-specific facilitation and suppression is achieved by differences in excitation/inhibition ratio, rather than by spatially separating these two opposing conductances. Furthermore, we show that despite their progressive decrease in amplitude within layers, the ratio of these two conductances remains constant. These data thus highlight the distinct roles of ratio and amplitude of the two conductances on spike rate modulation: whereas the ratio determines the sign of the effect (that is, whether facilitating or suppressing) the amplitude determines its magnitude.
The specific inhibitory circuits activated here will have to be elucidated in the future. It is possible that different inhibitory circuits may be recruited by distinct activity patterns (for example, different oscillation frequencies), resulting in different spatial and amplitude relationships between excitation and inhibition. This possibility is supported by frequency-dependent routeing of inhibition 43 . Taken together, our data illustrate a simple scheme by which axons of layer 2/3 pyramidal cells coordinate excitation and inhibition to promote competition for cortical space between neighbouring cortical domains.
METHODS SUMMARY
For in utero electroporation 23 E15-E16 embryos were injected with 1-2 mg ChR2 DNA and 0.5-1 mg of GFP or mRFP DNA. Somatosensory thalamocortical slices 44 were cut and stored in reduced sodium artificial cerebrospinal fluid (ACSF) before being transferred 1-4 h later to a submerged temperaturecontrolled recording chamber in standard ACSF. Whole-cell recordings were obtained with patch pipettes (2-3 MV) containing a caesium-based internal solution for voltage-clamp experiments, and a potassium-based solution for current-clamp recordings. For in vivo recordings mice were anaesthetized with 1% isoflurane and 1.25 mg kg 21 chlorprothixene, their head fixed and a small (,2-2.5 mm) craniotomy performed. The dura mater was left intact for extracellular recordings, or a small incision was made to permit the entry of patch pipettes for whole-cell recordings. For photostimulation a mounted 5W blue LED was used, collimated and coupled to the epifluorescence path of an Olympus BX51 through a 403 water immersion lens. For in vivo photostimulation a 3W LED was coupled to a 1-mm diameter optic fibre and mounted ,5 mm from the craniotomy. Intracellular and LFP data were recorded using Multiclamp 700B or 200B amplifiers, and digitized at 10-20 kHz (National Instruments), while multichannel recording was conducted with an AM systems 16 channel amplifier and digitized at 30 kHz. For replay of synaptic currents, L2/ 3 and L5 pyramidal cells were patched with two pipettes; one pipette injected the excitatory waveform, the other imposed an inhibitory conductance using a custom feedback-controlled analogue 'dynamic clamp' circuit board.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
METHODS
In utero electroporation. Timed-pregnant ICR white mice (Charles River, E15-16) were anaesthetized with 2.5% isoflurane. The abdomen was cleaned with 70% ethanol and swabbed with iodine. A small vertical incision was made in the skin and abdominal wall and 8-12 embryos gently exposed. Each embryo was injected with 1-2 ml of DNA solution and 0.05% Fast Green 23 . pCAG-ChR2-Venus plasmid DNA was mixed with pCAG-GFP or pCAG-mRFP for a total of 1-2 mg ChR2 DNA and 0.5-1 mg of fluorophore DNA. We used a pressurecontrolled bevelled glass pipette (Drummond, WPI Microbeveller) for injection. After each injection, the embryos were moistened with saline and voltage steps via tweezertrodes (BTX, 5 mm round, platinum, BTX electroporator) were applied at a zero degree angle with respect to the rostral-caudal axis of the head to target somatosensory cortex. To target cingulate cortex the polarity was reversed, and to target visual cortex the tweezertrodes were oriented 45u towards both the dorsal and caudal sides of the head. Voltage was 40 V for 5 pulses at 1 Hz, each pulse lasting 50 ms. The embryos were returned to the abdomen, which was sutured, followed by suturing of the skin. The procedure typically lasted under 20 min. On the day of birth animals were screened for location and strength of transfection by trans-cranial epifluorescence under an Olympus MVX10 fluorescence stereoscope. Slice preparation. Cortical slices (400 mm thick, unless stated otherwise) were prepared from the transfected hemispheres of mice aged P15-P40 using a DSK Microslicer in a reduced sodium solution containing (in mM) NaCl 83, KCl 2.5, MgSO 4 3.3, NaH 2 PO 4 1, glucose 22, sucrose 72, CaCl 2 0.5, and stored submerged at 34 uC for 30 min, then at room temperature for 1-4 h in the same solution before being transferred to a submerged recording chamber (Luigs and Neumann) maintained at 30-32 uC by inline heating in a solution containing (in mM) NaCl 119, KCl 2.5, MgSO 4 1.3, NaH 2 PO 4 1.3, glucose 20, NaHCO 3 26, CaCl 2 2.5.
For radial slices from the somatosensory barrel cortex we used the thalamocortical plane 44 ; for slices from the visual or cingulate cortex we used the coronal plane; for tangential slices from the somatosensory cortex, the transfected hemisphere was trimmed on both the anterior and posterior side of barrel cortex with coronal cuts, placed on its anterior side and a cut was made with a scalpel so that much of barrel cortex lay in a plane parallel to cut. The surface of this last cut was glued to the slicer tray. The preparation was aided by the use of epifluorescent goggles to visualize the transfected area. Two to three 300-500 mm slices were prepared, the first containing much of layer 2/3 and some of layer 4. In the slices containing layer 4, barrels could be identified under the microscope by transmitted light (Supplementary Fig. 7 ). Digital alignment of the images of the most superficial slices with the images of deeper slices containing most of layer 4 (using vasculature landmarks and the shape) allowed post-hoc identification of the photostimulated barrel columns.
Before the beginning of the recordings, all slices were inspected with epifluorescence to ascertain the location and quality of transfection.
To test for any age-dependent effects, we split our in vitro results into two groups, P14-21 (group 1) and P21-28 (group 2), containing nearly all our experiments. Excitation/inhibition ratio did not differ (0.17 6 0.04, n 5 25 versus 0. 16 , n 5 15, P 5 0.08). However, net excitatory and inhibitory charge during the stimulus did increase with age (excitation: 51 6 5 pC, n 5 30 versus 125 6 12 pC, n 5 29, P , 10
25
; inhibition: 410 6 44 pC, n 5 27 versus 804 6 72 pC, n 5 27, P , 10
24
). As for evoked spiking, there were no differences in the per cent suppression of layer 2/3 (75 6 13%, n 5 5 versus 95 6 3%, n 5 6, P 5 0.21) or the per cent facilitation of layer 5 (50 6 32%, n 5 10 versus 90 6 50%, n 5 10, P 5 0.52). Thus, although apparent net synaptic input increases with age in response to the same light stimulus, all other features of the observed results are the same. Recordings in vitro. Whole-cell recordings were obtained with pulled patch pipettes (2-3 MV) containing the following caesium-based internal solution (in mM): CsMeSO-4 115, NaCl 8, HEPES 10, Na-3 GTP 0.3, MgATP 4, EGTA 0.3, QX-314-Cl 5, tetracaesium BAPTA 10. For current-clamp recording, K-gluconate (140 mM) was substituted for CsMeSO- 4 , and QX-314 and BAPTA omitted. Voltage measurements were not corrected for the junction potential (8 mV established experimentally). Neurons were identified visually using oblique infrared videomicroscopy. Slices were placed in the recording chamber such that the top surface showed dendrites that were either parallel to the slice plane or such that the proximal portion of the apical dendrite was more superficial than the distal part. This ensured that recorded neurons had intact apical dendrites. Intactness of dendrites was confirmed in a subset of recordings by visualization after inclusion of Alexafluor 568 in the internal solution. We routinely used epifluorescence to either avoid recordings from transfected neurons (as for most recordings), or to target them specifically. Series resistance (ranging from 6 to 20 MV) was not compensated, yet monitored continuously with negative voltage steps. Recordings in vivo. Electroporated mice (average P44 6 21 (s.d.); n 5 18) were anaesthetized with 2% isoflurane and 1.25 mg kg 21 chlorprothixene and attached to a head post by dental acrylic. After removal of the scalp the transfected region was identified by epifluorescence and a small craniotomy (2-2.5 mm) drilled to expose the barrel cortex.
For extracellular recording the craniotomy was covered with 1% agarose and the dura left intact. A 16-channel linear silicon electrode array (NeuroNexus Technologies, model A16 (a1x16-3mm50-177)) was inserted at a ,30u angle with respect to the brain surface, 900-1,000 mm into the cortex 45 . The isoflurane was reduced to 1% and after 30 min data were collected for 1-2 h at 1-2 recording sites. The voltage signals were amplified (16 channel amplifier AM systems) and digitized at 30 kHz (Nidaq).
For whole-cell recordings a small incision was made in the dura and recordings established by standard blind patch techniques from neurons 150-400 mm below the pia. Pipettes (2-3 MV) contained the caesium-based internal solution described above with the omission of QX-314 and BAPTA and the increase in CsMeSO-4 to 140 mM. Following giga-seal formation and break in cells were allowed 3-5 min to stabilize and dialyse before photostimulation was commenced. For voltage-clamp recordings access resistance was 21 6 1 MV (n 5 5). For in vivo current clamp recordings the K 1 internal solution described above was used. Photostimulation. For in vitro photostimulation a mounted 5 W blue LED (Thorlabs LEDC5) was collimated and coupled to the epifluorescence path of an Olympus BX51. All experiments were carried out under a 403 0.8 NA water immersion lens.
For in vivo photostimulation a 1 mm optic fibre was coupled to a 3 W blue LED (Doric Lenses) and mounted ,5 mm from the craniotomy.
Light intensity was controlled by the analogue output of an A/D card (NIDAQ, PCI6259) via a power supply (Thorlabs, LEDD1), and calibrated with photodiode and power meter. Light ramps had a duration of 1-2 s, a slope of 0.1-2.0 mW s 21 , started at zero intensity and reached a final intensity of 0.1-2.0 mW. The slope was adjusted for each slice to obtain a rhythmic activity with a largely stable power for the duration of the stimulus. Typically, the slope sufficient to trigger robust oscillations in vitro was 0.1-0.5 mW s 21 . The stimulus was repeated with a frequency of once a minute.
We found that careful adjustment of the light stimulus slope could induce oscillations lasting up to 30 s in vitro and in vivo. The power of activity typically decremented during the course of the stimulus probably owing to a combination of adaptive phenomena, including synaptic depression, spike after-hyperpolarization, and intrinsic desensitization of ChR2. Square light pulses lasted 5 ms at the constant power of 2 mW.
For restricted photostimulation of a circular area of ,90 mm in diameter we closed the field diaphragm of the BX51 to its minimal aperture. Microscope translation was controlled by custom routines written in Igor Pro (Wavemetrics) via the Nidaq Card and a Newport ESP600 controller. The spatial extent of neuronal recruitment by this circular photostimulus was determined as follows: we recorded from ChR2-expressing layer 2/3 pyramidal cells in the loose-patch or cell-attached configuration ( Supplementary Fig. 6) , and recorded the firing rate of the pyramidal cell as a function of the distance of its soma from the centre of the photostimulated area (the photostimulus was moved tangentially along the pyramidal cell layer). The firing rate of the pyramidal cells fell to 6 6 3% (n 5 5) of its maximal firing rate 120 mm from the centre of the photostimulated area. Thus, the circular photostimulus recruited pyramidal cells within a restricted area of approximately one barrel column in diameter ( Supplementary Fig. 6 ). For experiments at the edge of barrel cortex, the most lateral barrel observed under the light microscope was centred and stimulation locations were at 200 mm intervals on either side of the layer 2/3 cell recorded in that barrel column. Excitatory and inhibitory charges. Excitatory and inhibitory currents were isolated by voltage clamping the neuron at the reversal potential for synaptic inhibition and excitation respectively. The current was integrated over a 1 s period from the onset of the light ramp. are averaged across all simultaneous dual and quadruple recordings (Fig. 2b) . For simultaneous recordings of layer 5A and layer 5B pyramidal cells, the excitatory charge averaged (in pC): L5A, 58 6 10; L5B, 104 6 58, n 5 11. Fig. 5 ). Data acquisition and analysis. In vitro data were recorded with Multiclamp 700B amplifiers (Axon instruments) filtered at 2 kHz and digitized with a Nidaq Card at 10 kHz. Data in vivo were recorded with Axopatch 200A (Axon instruments) filtered at 2 kHz and digitized with a Nidaq Card at 10 kHz. For multichannel recording an AM systems 16-channel model 3500 amplifier was used, filtered at 0.3-5,000 Hz and digitized at 30 kHz.
All data acquisition, analogue output control and analysis were performed by custom routines written in Igor Pro (Wavemetrics). Average values are expressed as means 6 s.e.m. The student t-test, paired t-test, one-way ANOVA and Kolmogorov-Smirnov tests were used for statistical comparisons, as indicated in the results. Drugs used were NBQX, CPP and SR95531 (gabazine) (Tocris Cookson).
To measure the speed of propagation of the oscillation we simultaneously recorded from pairs of layer 2/3 cells either immediately next to each other, or 300-400 mm apart, and focally stimulated with light ramps as described above. We then computed the cross-correlation of their rhythmic excitatory or inhibitory inputs and divided the lag of the peak of the cross-correlogram by their inter-somatic distance. Neighbouring cells had a lag of 0.26 6 0.15 ms (n 5 3) whereas separated cells had a lag of 1.7 6 0.3 ms (n 5 6, P 5 0.004). Bypassing axons expressing ChR2 do not contribute to oscillatory activity. Photoinitiated gamma activity necessitated an intact somatodendritic compartment of ChR2-expressing pyramidal cells, as light-ramp photostimulation of cortical areas containing only ChR2-expressing axons (for example, layer 5; Supplementary Fig. 6 ), although transiently inducing some transmitter release (only 5 6 2% of the charge as compared to stimulation on layer 2/3 in the same slices), did not lead to gamma oscillations. Thus, whereas strong light pulses can directly evoke release from ChR2-expressing axons 24, 25 , at the intensities used to evoke gamma oscillations in this study, rhythmic release from directly stimulated axons was negligible. Replay of synaptic currents. Layer 2/3 and Layer 5 pyramidal cells were patched with two pipettes at the soma in the current clamp configuration, one to impose an inhibitory conductance, the other to inject an excitatory current. The inhibitory conductance waveform had the amplitude and time course of an inhibitory conductance recorded at the soma of either a layer 2/3 or a layer 5 pyramidal cell during photoinduced oscillations. The waveforms were taken from pairs of simultaneously recorded layer 2/3 or layer 5 cells where one cell was held at EPSC reversal and the other at IPSC reversal to preserve the relative temporal relationship of the two conductances. Additionally, their excitation and inhibition ratio approximated the mean measured from our sample of simultaneously recorded layer 2/3 and layer 5 cells.
To impose the inhibitory conductance (dynamic clamp), the external command of the amplifier connected to one of the pipettes was controlled such as to inject a current that was, at any time point, equal to the conductance times the difference between the membrane potential of the neuron and the reversal potential for inhibition, set at 260 mV. The operation was performed by a custom-made analogue circuit (5 MHz bandwidth) receiving an input from the amplifier for the membrane potential of the neuron, an analogue input for the conductance waveform, and sending an output to the external command of the amplifier to control the current injected into the neuron.
The excitatory input was simulated by directly injecting, through the other pipette, excitatory current waveforms recorded during photoinduced oscillations at the soma of either a layer 2/3 or a layer 5 pyramidal cell voltage clamped at 270 mV.
In each experiment a square depolarizing current step was first injected alone to elicit baseline firing at 3-9 Hz (Fig. 5c, left ), this current step was then delivered again together with the excitatory and inhibitory waveforms (Fig. 5c,  middle and right) .
We tested the impact of excitatory and inhibitory waveforms on spike rate modulation by re-injecting these waveforms in the soma despite the fact that excitatory and inhibitory synaptic inputs are distributed along the somatodendritic axis pyramidal cells. We reasoned that because in pyramidal cells the axon initial segment, where action potentials are initiated 35, 36, 46 , originates from the soma, the waveform that matters in terms of spike rate modulation is the one recorded at the soma. Simply stated, injecting a waveform in the soma should reproduce the original somatic membrane potential trajectory as long as what is injected in the soma is what is recorded at the soma. We have ascertained the accuracy of this hypothesis using a simple ball-stick simulation of a neuron implemented in the NEURON environment 47 . We compared the somatic membrane potential fluctuation of the model neuron in response to the following two conditions: (1) a simulated excitatory synaptic conductance into the dendrite; (2) somatic injection of the excitatory waveform obtained under somatic voltage clamp in response to the same dendritic conductance injection. Consistent with imperfect space clamp, the conductance obtained under somatic voltage clamp was (relative to the conductance at its site of origin in the dendrites) diminished in amplitude, temporally filtered, and had an apparent reversal potential above 0 mV; that is, above the reversal potential of the excitatory conductance at its site of origin. However, re-injecting this waveform into the soma generated a somatic membrane potential trajectory that was identical to that obtained in response to the dendritic conductance. Thus, our somatic replay of somatically recorded waveforms probably closely reproduces the somatic membrane potential fluctuations experienced by pyramidal cells in response to spatially distributed synaptic inputs.
